We have developed an animal model to elucidate the acute effects of perfusion abnormalities on muscle metabolism induced by different density-defined classes of erythrocytes isolated from sickle cell anemia patients. Technetium-99m (9"'Tc)-labeled, saline-washed normal (AA), homozygous sickle (SS), or high-density SS (SS4) erythrocytes were injected into the femoral artery of the rat and quantitative 99fTc imaging, 31p magnetic resonance spectroscopy by surface coil at 2 teslas, and 'H magnetic resonance imaging at 0.15 tesla were performed. Between 5 and 25 p1 of SS4 cells was trapped in the microcirculation of the thigh (or 1-6 X 107 cells per cubic centimeter of tissue). In contrast, fewer SS discocytes (SS2) or AA cells were trapped (an equivalent packed cell volume of less than 6.7 p1 and 0.3 pl, respectively). After injection of SS4 cells an initial increase in inorganic phosphate was observed in the region of the thigh served by the femoral artery, intracellular pH decreased, and subsequently the proton relaxation time T, reached a broad maximum at 18-28 hr. When T, obtained at this time was plotted against the volume of cells trapped, an increase of T, over the control value of411 ± 48 msec was found that was proportional to the number of cells trapped. We conclude that the densest SS cells are most effective at producing vasoocclusion. The extent of the change detected by 'H magnetic resonance imaging is dependent on the amount ofcells trapped in the microcirculation and the magnitude of the initial increase of inorganic phosphate.
99fTc imaging, 31p magnetic resonance spectroscopy by surface coil at 2 teslas, and 'H magnetic resonance imaging at 0.15 tesla were performed. Between 5 and 25 p1 of SS4 cells was trapped in the microcirculation of the thigh (or 1-6 X 107 cells per cubic centimeter of tissue). In contrast, fewer SS discocytes (SS2) or AA cells were trapped (an equivalent packed cell volume of less than 6.7 p1 and 0.3 pl, respectively). After injection of SS4 cells an initial increase in inorganic phosphate was observed in the region of the thigh served by the femoral artery, intracellular pH decreased, and subsequently the proton relaxation time T, reached a broad maximum at 18-28 hr. When T, obtained at this time was plotted against the volume of cells trapped, an increase of T, over the control value of411 ± 48 msec was found that was proportional to the number of cells trapped. We conclude that the densest SS cells are most effective at producing vasoocclusion. The extent of the change detected by 'H magnetic resonance imaging is dependent on the amount ofcells trapped in the microcirculation and the magnitude of the initial increase of inorganic phosphate.
The pathophysiology of sickle cell painful crisis remains elusive and difficult to study, but the use of magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) offers a unique insight into the disease process. Sickle cell vasoocclusion is a multistep process (1) . The initiation stage is little understood, but irreversibly sickled erythrocytes have been observed obstructing precapillary sphincters (2) (3) (4) (5) , and such cells have also been shown to be rheologically (6) and hemodynamically incompetent (7) . Both clinical and experimental studies suggest that the propagation phase, during which the occlusion is maintained and extended, may involve selective secondary trapping of the densest cells from the patient's blood (8, 9) . These cells have the highest intracellular hemoglobin concentration and the greatest rate and extent of polymer formation under deoxy conditions (10, 11) . The greater endothelial adhesivity shown by deformable sickle cells may also be involved (12) (13) (14) (15) . There are no in vivo data on the density class most likely to produce vasoocclusion or on the time course of the events involved.
Explanation of vasoocclusion in sickle cell anemia requires that attention be given to the heterogeneity in density and morphology of erythrocytes from patients homozygous for hemoglobin S (SS) (16) (17) (18) (19) . We have classified and biochemically and Theologically characterized SS red cells in four classes of increasing cell density: SS1, reticulocytes; SS2, discocytes; SS3, very dense discocytes or unsicklable SS discocytes (USDs); and SS4, denser USDs and irreversibly sickled erythrocytes (7, 19) .
Painful crises, which are vasoocclusive events, are difficult to diagnose, treat, and study because there are few objective signs capable of verifying occurrence or estimating duration or severity. The disappearance of the densest sickle cells and changes in correlated parameters (8, 20) are objective criteria but do not provide an ongoing picture of the extent and evolution of the infarcted region. Due to its noninvasive character, MRI is a promising modality for the evaluation of vasoocclusion involving muscle or bone marrow. Although there have been reports of MRI-detectable changes in painful crisis (20, 21) , the sensitivity of MRI to sickle-cell-induced vasoocclusion of skeletal muscle has not been conclusively demonstrated.
We have developed a model to study the acute effects of sickle-cell-induced vasoocclusion: that is, a single occlusive episode and its sequelae. In this context, a painful crisis in a human might be regarded as multiple occlusive events, as dense cells continue to be removed from the peripheral circulation (8) . In the model, the saline-washed, technetium99m (`mTc)-labeled dense cell fraction from SS patients is injected into the femoral artery of a rat. The number of cells trapped in the microcirculation is quantified with 99mTc imaging, changes in the phosphate metabolism of the thigh skeletal muscle (which are indicative of ischemia) are observed by 31p MRS, 1H MRI is used to delineate the affected area, and the extent of tissue damage is assessed by measuring the proton relaxation times T1 and T2. Some of the characteristics of painful crisis in the human, such as secondary trapping of dense cells in regions that already contain dense cells, are observed in this model (22) .
The objective of the studies reported here was to characterize acute vasoocclusive events and their sequelaespecifically, those attributable to blockage of the microcirculation by dense cells. We will correlate the number of density-defined sickle cells trapped in the microcirculation of the rat thigh, the change in phosphate metabolites and intracellular pH, and the magnitude of the MRI-detectable changes in 1H T, and T2. Preliminary reports of parts of this work have been presented ( ¶, 23) .
METHODS
Preparation of Dense Erythrocytes. Blood from SS patients followed in the Heredity Clinic of the Albert Einstein College of Medicine was obtained after informed consent and characterized by two electrophoretic methods and a solubility test as SS. Dense sickle cells were isolated from freshly drawn, heparinized blood by use of a Percoll-Stractan isopycnic centrifugation technique developed in this laboratory (19, 24) . Prior to density fractionation, the whole blood was passed through a Pall filter (Pall Biomedicals) to remove microclots and partially deplete leukocytes; the density separation step completed the removal of all human leukocytes. Erythrocytes were washed three times in sterile, nonpyrogenic saline (NEN), oxygenated with room air, and adjusted to a hematocrit of 30.
Animal Fig. 4 . '99Tc Imaging. Cells were labeled with 'mTc by using the method of Bardy (25) and a Mallinckrodt pyrophosphate kit (Mallinckrodt Diagnostic Products). The percent free I' Tc was <5% for AA cells (homozygous for hemoglobin A) and 5-15% for SS4 cells. Animals were imaged by y camera at 1-2 hr postinjection when 31p MRS was performed or at 2-4 hr when 1H MRI was performed. y-Camera imaging was performed using a large-field-of-view Anger camera, peaked for the 140-keV photon of 9'9Tc with a 20% window and a high-resolution collimator. Static images were collected with a PDP 11/34 dedicated minicomputer, which allowed the activity of 991Tc in selected areas to be determined. The equivalent volume of packed cells retained was evaluated by comparing the activity in the area of interest to that in a standardized suspension of the cells used for injection. Appropriate (small) background corrections were made. NMR Measurements. 31p spectra at 2 T were obtained from intact animals with a 1.5-cm surface coil placed over the thigh muscle, using a General Electric CSI (chemical shift imaging) small-anima! spectrometer. A pulse width of 22 ,usec was used, giving most of the sample a pulse of 30-60°. A sweep width of 2 kHz, 512 free induction decays, 4000-word blocks, a line broadening of 5 Hz, and a repetition interval of 1.5 sec were used; increasing the repetition interval to 5 sec did not change the ratio of peak heights. Peak areas were evaluated with the GEMCAP program (General Electric) for spectral analysis.
1H images were obtained at 0.15 T with a resistive prototype imaging system developed in the Department of Diagnostic Radiology at Yale University. A two-dimensional Fourier single-slice imaging technique was used to obtain coronal images from 8-mm slices at 128 x 128 resolution. All 180°pulses were nonselective, and repetition rates of 120, 170, 270, 470, 670, 1070, and 1570 msec were used with an echo time of 15 msec to obtain T, data by saturation recovery. T, was calculated by fitting an exponential to the intensities from selected regions of interest. For T2 determinations, a multiecho Carr-Purcell sequence with eight echoes at 20-msec intervals and a repetition rate of 1500 msec was used in combination with the imaging sequence to generate 8-mm axial slices. This sequence employs balanced dephasing gradient pulses before and after each 1800 pulse to remove artifactual ("ghost") components of transverse magnetization (26) .
Statgraphics version 2.6 (Statistical Graphics, Rockville, MD) was used for statistical analysis. (27) ], (c) free 9mTc due to catabolism of rce cells by the liver or (d) 9'9Tc bound to hemoglobin released by hemolysis of labeled cells. In labeled cells, 97% of the "9ITc is attached to the heme or globin (27) . The average activity in the bladder (normalized to the total activity) for SS4 cells 1-2 hr after injection was 8.5 ± 4.6% (n = 9) and by 2-4 hr had increased (a) and SS2 (e). Although the curves were calculated by using a nonlinear regression algorithm, they are merely intended to emphasize the difference in behavior between SS2 and SS4 cells. to 16.6 ± 4.6% (n = 39). For AA cells the average activity in the bladder at 2-4 hr was 17.3 ± 5.1% (n = 5). Since the animal remains anesthetized between injection and 99mTc imaging, urination does not complicate the picture. Visible spectroscopy of aspirated urine did not reveal absorption at the Soret wavelength (410-440 nm), which would have indicated the presence of heme or hemoglobin dimers. These results suggest that 75-90% of the activity found in the bladder comes from the first three sources (free 99mTc) and that very little intravascular hemolysis occurs.
Tlhe activity in blood samples obtained after injection was consistent with a half-life of 7 + 4 mmn for 9'mTc-labeled human erythrocytes in the rat circulation; therefore, the events described are acute occlusive events.
A source of concern in the interpretation of t9mTc experiments is the possibility of leakage of labeled cells at the injection site. When AA cells were injected (where little trapping was observed), infrequent site contamination by extravasation was seen. The absence of MRI-detectable changes in 5 SS4-injected animals with "hot spots" confirmed the suspicion of extravasation in 5 of 46 animals observed by 99mTc imaging, which were then excluded from analysis.
31p MRS. 31p spectra obtained by surface coil yielded results consistent with hypoxia induced by obstruction of blood flow due to SS4 cells. 31p spectra obtained between 30 mmn and 12 hr after femoral artery injection of SS4 showed varying degrees of inorganic phosphate (Pi) accumulation. In some cases relatively large amounts of P1 accumulated and tissue pH decreased, as judged from the chemical shift between the Pi and phosphocreatine (PCr) spectral peaks (28); 9 hr later Pi levels and tissue pH were returning to normal (Fig. 3) (Fig. 4) T2 was measured by a multiecho imaging sequence, taking particular care to ensure that the 180°pulses were appropriately set (26) . T2 for the control leg was found to be 37.5 ± 6.4 msec (n = 20), which compares favorably with the literature value of 40 msec for mammalian skeletal muscle (29) . T2 values for the injected leg exhibited greater variation than T, values; the increased variation may stem in part from the use of axial slices for 72 images, which average T2 along muscle bundles (which would be more likely to share a common blood supply) in contrast to the use of coronal slices for T, images, which average T, across muscle bundles. A linear regression of T2(6nj)/T2(cont) versus T1(inj)/7T(cont) yielded an r2 of 58.8%, P > 0.0005 (n = 16), and a slope of 1.1, which implies that the relative increase in T2 is about the same as the relative increase in T1.
Observation of elevated T, in the injected leg 9-12 hr postinjection was highly correlated with early observation of elevated values in the P1/PCr ratio (Table 1) . When P,/PCr was >5, T1(inj)/T7(cont) averaged 1.49 ± 0.12, whereas when P1/PCr was <5, T1(inj)/Tl(cont) averaged 1.10 ± 0.14; this difference was significant at P < 0.01. The femoral artery was ligated in three animals. At 18-28 hr. T1(inj)/7l(cont) was 0.994 ± 0.058.
Vials of NiCl2 were imaged simultaneously with the animals. Tl values of 741 ± 77 and 363 ± 24 msec were obtained in 16 separate sessions for 2.5 and 5.0 mM solutions, respectively. This confirms our previous observations of reproducibility on the same system.
DISCUSSION
Vasoocclusion is the primary mechanism of pathological damage in sickle cell disease and is the end product of a complex series of events that involves time-dependent changes not only in the red cell (hemoglobin S polymerization, shape changes, and potassium and water loss) but also in its interaction with the changing microcirculatory environment (changes in vessel tone and perfusion pressure). These arguments justify the need for an in vivo experimental system in which the relative importance of these different factors in causing and sustaining occlusion can be evaluated. The intact rat model used in the studies reported here provides such a system. The capillary size and branching structure in the rat microcirculation is similar to that of the human (30) .
The experiments described here permit us to draw the following conclusions.
The Densest Cells Are Most Likely to Cause Vasoocclusion.
Quantitative 99mTc imaging demonstrates that AA cells are very weakly retained in the microcirculation of the rat leg. In contrast, sickle cell discocytes (SS2, cells of normal density and rheological properties) are retained to a greater extent and the isolated dense cell fraction (SS4) is very extensively retained ( Figs. 1 and 2 , Table 1 ). This quantitative result is in agreement with our previously reported qualitative results (11, 23) . Red cells not retained in the thigh are taken up by the liver, spleen, or kidneys in the reticuloendothelial system. In rat liver, Kupfer cells have been shown to selectively remove human red cells and red cell membranes but not hemoglobin (31) . Intravascular hemolysis appears to be minimal in this system.
These experiments demonstrate that sickle cells are less competent in the microcirculation than normal (AA) cells and that SS4 cells are the most likely to be trapped in an in vivo model. This is in agreement with the observation that SS4 cells are selectively trapped in ex vivo microcirculatory preparations (9) and that they selectively disappear from the peripheral circulation of sickle cell patients during the course of sickle cell painful crisis (8) . Further, Kaul et al. (15, 32) found that the most adherent cells in the microcirculation are SS2 cells but that blocked postcapillary venules are predominantly filled with SS4 cells that may have been trapped in those vessels narrowed by adhered cells. We may therefore conclude that the densest cells play a major role in propagating and sustaining sickle cell vasoocclusion. The observation that the percent dense cells in a patient's peripheral circulation does not predict the incidence of painful crisis (33) indicates either that the initiation of vasoocclusion involves only a very small number of nondeformable cells or that other mechanisms play a role.
High Energy Phosphates Are Depleted During Vascoocclusion. 31p spectroscopy has been used to determine both metabolite concentration and intracellular pH in living tissue (28) . Due to its low pKa, PCr has a constant chemical shift in the physiological pH range and can serve as an internal reference for the pH-dependent chemical shift of Pi.
Injection of SS4 cells resulted in a larger increase in the P1/PCr ratio than injection of AA or SS2 cells (Table 1 ). In addition, the increased Pi was accompanied by changes in the Pi chemical shift that indicated reduced intracellular pH in the skeletal tissue in the sensitive region of the surface coil (28) .
Red cell 2,3-bis(phospho)glycerate is not detectable at this sensitivity due to the small blood volume in skeletal tissue.
The changes observed in Pi and pH are compatible with decreased tissue oxygenation secondary to vasoocclusion. The recovery of normal P1/PCr ratios with a half-life of 5 hr indicates that occlusion under these conditions is temporary.
T1 Increases in Proportion to the Number of Cells Retained. In a magnetic resonance image, contrast (or image intensity) is primarily determined by three factors: (i) proton density, the number of protons per cubic centimeter of tissue and (ii and iii) the proton relaxation times (T1 and T2), which are the reciprocals of the rates at which magnetization returns to its equilibrium value. In skeletal muscle, water relaxation rates are primarily influenced by water interaction with the hydration layer of cytoplasmic proteins and the hydrated surfaces (Fig. 4) 
